Purpose To investigate changes in objective disk halo size produced by a glare source after small incision lenticule extraction (SMILE) for myopia correction. Methods This prospective clinical study included 45 right eyes of 45 patients with a mean age of 25.40 ± 5.06 years and mean spherical equivalent (SE) of − 6.08 ± 1.90 diopters. Disk halo size was measured with a vision monitor before surgery and at postoperative 1 week and 3 months. Other information was collected, including age, SE, lenticule thickness, lenticule diameter, dark pupil, and pupillary response to light parameters (initial diameter; amplitude, latency, duration, and velocity of contraction; latency, duration, and velocity of dilation; and maximum, minimum, and average pupil size). Results Compared to preoperative values, disk halo size increased significantly at postoperative 1 week (P = 0.026) and returned to baseline at postoperative 3 months (P = 0.349). Preoperative disk halo size significantly correlated with SE (r = − 0.346, P = 0.020), minimum pupil size (r = 0.365, P = 0.014), and average pupil size (r = 0.310, P = 0.038). Disk halo size at postoperative 1 week was significantly correlated with age (r = 0.324, P = 0.030) and minimum pupil size (r = 0.297, P = 0.047). Disk halo size at postoperative 3 months was significantly correlated with lenticule diameter (r = − 0.362, P = 0.015), initial diameter (r = 0.311, P = 0.037), maximum pupil size (r = 0.312, P = 0.037), minimum pupil size (r = 0.440, P = 0.002), and average pupil size (r = 0.373, P = 0.012). Conclusions After SMILE, disk halo size demonstrated a temporary increase and then returned to baseline.
Introduction
Light from a bright light source entering the retina is diffused by the various optical elements of the eye. The diffused light creates a veil over the back of the retina which can lead to a loss in contrast and details of an object. The phenomenon is referred to as disability glare, and the veil is known as disk halos [1, 2] . Glare and halos are common complaints after refractive surgery that require special attention, especially after corneal refractive surgery. In many patient satisfaction surveys after corneal refractive surgery, glare and halos are the main complaints [3] [4] [5] [6] [7] .
Small incision lenticule extraction (SMILE) benefits from the well-developed femtosecond laser technology and exhibits many advantages over traditional laser in situ keratomileusis (LASIK). For example, it can avoid the flap-related complications encountered in LASIK surgery and reduce corneal nerve damage, thereby alleviating postoperative dry eye symptoms and maintaining corneal sensitivity [8] [9] [10] . Many studies have confirmed the safety and stability of SMILE surgery for myopia correction [11, 12] .
Considering that glare and halos remain common problems after SMILE surgery [13] , changes in glare and halos after Tian Han and Feng Zhao contributed equally to this study and are considered co-first authors. SMILE surgery require further studies. Previous investigations have shown changes in glare after SMILE using a double-pass optical quality analysis system (OQAS) [14] or a straylight meter (C-Quant) [15] . To the best of our knowledge, however, no study has focused on halo size measurements in relation to SMILE surgery.
Here, we analyzed correlations between disk halo size produced by a glare source and pupillary light response parameters, in order to understand disk halo size after SMILE and determine its influencing factors.
Methods
This study was approved by the Ethics Committee of the Eye and ENT Hospital of Fudan University and complied with the Declaration of Helsinki. Informed written consent was obtained from all patients after the possible consequences of the study were explained.
Study population
Consecutive patients were enrolled in this prospective study. All patients underwent routine preoperative ophthalmic examinations at the Refractive Surgery Center in the Department of Ophthalmology of the Eye and ENT Hospital of Fudan University.
The inclusion criteria were as follows: patients aged between 18 and 35 years, spherical equivalent (SE) up to − 9.5 diopters (D), corrected distance visual acuity (CDVA) of 20/20 or better, and stable refraction for 2 years. Because age has relationships with both the pupillary response to light and disk halo size [16] , and patients between 20 and 50 years of age have similar disk halo sizes [17] , the inclusion age range was modified to 18-35 years.
The exclusion criteria were as follows: systemic diseases, a history of ocular surgery or trauma, and a history of ocular disease other than myopia or astigmatism.
Data from the right eye of each patient were selected for statistical analysis.
Surgical procedure
The same surgeon (Dr. Zhou) performed all surgical procedures. In the SMILE procedures, a 500-kHz VisuMax femtosecond laser system (Carl Zeiss Meditec, Jena, Germany) was used, with a pulse energy of 130 nJ. The lenticule diameter was set between 6.25 and 6.70 mm; the cap diameter was set to 7.5 mm at a 120-μm depth. A 90°single-side cut, with a length of 2 mm, was created to remove the lenticule. Topical levofloxacin, 0.1% fluorometholone solution, and nonpreserved artificial tears were used after the surgery.
Measurements
Disk halo size and pupillary light response were evaluated by an experienced technician before surgery, and at postoperative 1 week and 3 months with monocular dynamic pupillometry (MonCv3; Metrovision, Pérenchies, France).
As described in previous studies [17, 18] , all measurements were obtained between 9:00 a.m. and 11:30 a.m. after 5 min of darkness adaptation. A light source on the right side was used to test the right eye with a luminance of 5 cd/m 2 . The refractive error was fully corrected with a lens before surgery. Because all patients had worn glasses before SMILE, we presume that our measurements approximate situations in their daily lives. There were three radial lines of 10 letters appearing from the periphery toward the light source on the screen such that 10 letters formed 10 rings at 30-min arc intervals (arcmin). The average distance to the letter nearest to the light source was measured for each line, and then the visual angle formed by the radius of the halo was calculated in arcmin ( Fig. 1 ).
The pupillary contour was automatically traced by the pupillometer with an accuracy of ± 0.1 mm after 5 min of darkness adaptation. Then, the software performed an analysis of responses to successive visual stimuli with automated quantification of the following parameters: initial diameter; amplitude, latency, duration, and velocity of contraction; latency, Fig. 1 The operative interface of the vision monitor duration, and velocity of dilation; and maximum, minimum, and average pupil sizes. Each parameter was measured at least five times and the mean values were recorded.
Statistical analysis
All statistical analyses were performed using the Statistical Package for Social Sciences (SPSS) (version 22; IBM, Armonk, NY, USA). All data were tested for normality using the Kolmogorov-Smirnov test. The Friedman test with a Bonferroni correction was performed to evaluate changes in disk halo size over time. Pearson's and Spearman's correlation analyses were applied to detect potential correlations between disk halo size and other parameters. A P value less than 0.05 was considered statistically significant.
Results
Forty-five patients with a mean age of 25.40 ± 5.06 years (range 18 to 35 years) and mean SE of − 6.08 ± 1.90 D (range − 3.50 to − 8.75 D) were enrolled. Table 1 shows the demographic and refractive data. All surgeries were uneventful, and no intraoperative or postoperative complications were observed. No patient was lost to follow-up in this study.
Compared to preoperative values (166.22 ± 61.29), disk halo size increased significantly at postoperative 1 week (187.78 ± 39.88) (P = 0.026) and returned to baseline at postoperative 3 months (160.22 ± 64.75) (P = 0.349) (Fig. 2) . Table 2 shows the correlation analysis between disk halo size and age, spherical equivalent refraction, and pupil parameters. Preoperative disk halo size was significantly correlated with SE (r = − 0.346, P = 0.020), minimum pupil size (r = 0.365, P = 0.014), and average pupil size (r = 0.310, P = 0.038). Disk halo size at postoperative 1 week was significantly correlated with age (r = 0.324, P = 0.030) and minimum pupil size (r = 0.297, P = 0.047). Disk halo size at postoperative 3 months was significantly correlated with lenticule diameter (r = − 0.362, P = 0.015), initial diameter (r = 0.311, P = 0.037), maximum pupil size (r = 0.312, P = 0.037), minimum pupil size (r = 0.440, P = 0.002), and average pupil size (r = 0.373, P = 0.012).
Discussion
Glare and halos remain an important factor in postoperative patient satisfaction [3] [4] [5] [6] . This study was undertaken to investigate early changes in disk halo size produced by a glare source after SMILE.
We found that the disk halo size of patients undergoing SMILE initially increased, then decreased, eventually returning to the preoperative level at 3 months after surgery; this is consistent with results obtained by using other glare testing instruments. A study that used OQAS to observe changes in objective scatter index after SMILE found that, within 40 days after the surgery, the index was higher than preoperative levels, but recovered by 3 months after the surgery [14] . No significant difference was found in subjective intraocular forward scattering, assessed by using C-Quant before surgery, and at 1, 6, and 12 months after SMILE [15] . The results of our study are also consistent with subjective questionnaire studies on halos. In a study by Shah et al., no deterioration in halos was reported by patients at postoperative 3 months, compared with preoperative levels of halos [19] . The time we observed for recovery from increased postoperative halos was similar to that in questionnaire studies after LASIK. At postoperative 3 months, halo scores were indistinguishable from baseline in a study by Schallhorn et al. [20] In addition, corneal transparency decreases for a short period of time after SMILE surgery and recovers at the later stage, which may explain the short-term increase observed in this study [21] . In this study, we found that the disk halo size in myopic patients before SMILE was correlated with SE, which is consistent with our previous studies [22] . Preoperative disk halo size was 166.22 ± 61.29 arcmin; this was notably different from 111.6 ± 39.8 arcmin in healthy eyes with limited refractive error [17] , and was similar to other outcomes in myopic eyes [22] . Short-term disk halo size after SMILE is associated with age. This may explain lower comparative satisfaction with corneal refractive surgery in older patients [7] . At 3 months after surgery, the corneal condition in the patients became stable. Disk halo size was mainly related to dynamic pupil size, consistent with our previous study [22] . The disk halo size of the patients at 3 months postoperatively was also associated with the designed lenticule diameter. This is mainly because, compared with normal cornea, the edge of the lenticule may produce stray light that results in halos; thus, a larger lenticule diameter is more helpful in reducing postoperative halos.
Notably, the results of this study suggest no correlation between disk halo size after SMILE and dark pupil size. The relationship between dark pupil and vision quality after corneal refractive surgery has received much attention. Many studies have shown no relationship between the two [3-6, 23, 24] , while others have shown that patients with larger dark pupils had worse postoperative visual quality [25, 26] . Our study supports the absence of a relationship and highlights the role of pupil size in dynamic pupillary light response in postoperative visual quality.
This study had certain limitations. First, because the refractive error was fully corrected with a lens before surgery, spherical aberration might have affected the evaluation of preoperative disk halo size. Second, the influence of substances, such as alcohol, on dynamic pupillary light response was not considered. Third, a long-term study of disk halo size after SMILE is necessary. It would be better to compare the outcomes with other optical quality measurements, such as OQAS and C-Quant.
In conclusion, disk halo size showed a temporary increase and returned to baseline after SMILE. 
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